This study conducted a life cycle assessment of new techniques and approaches in rice paddy cultivation. We evaluated reclaimed land in Hachirogata, located in Japan's Akita Prefecture. Non-puddling cultivation is a technique of planting rice without the puddling. A rotary plow is used to plant the rice in finely crushed soil. Non-puddling allows a delay in irrigation. Thus, the soil is less likely to become deoxidized and a smaller amount of methane gas is released from the disturbed soil. Sparse planting is a technique whereby the planting stalk density is reduced by 30% (21 stalks/m 2 to 15 stalks/m 2 ), thereby reducing the material costs of producing seedlings. We found that use of the non-puddling technique reduced overall GHG emissions to 69% of those produced by rice cultivation using puddling. With sparse planting, GHG emissions were only reduced by a small amount to 93% of that of full planting. The current work shows that the appropriate mixture of sparse planting and non-puddling cultivation is necessary to obtain the greatest reduction in GHG emissions.
Introduction
Global warming is an environmental problem resulting in catastrophic climate change, creating climate disasters, such as a global rise in sea level, all of which have been attributed to the anthropogenic contributions of greenhouse gas (GHG) emissions. Agriculture and associated production activities have been identified as one of the causes of these greenhouse gases (FAO 2016) . In rice fields that account for about half of the cultivated area in Japan, methane released from the decomposition of organic matter and other processes contributes to 78% of GHGs from those rice fields (Tsuruta & Ozaki 1999) . The contribution of agriculture is not limited to direct emissions from rice fields. The upstream environmental impacts including those of fertilizer and pesticide production must be taken into account in planning effective mitigation measures. Therefore, Life Cycle Assessment (LCA) or the accounting of life cycle GHG emissions (carbon footprint) has already been applied to agriculture (EDF 2016) .
One of the important characteristics of LCA in agriculture is that direct GHG emissions from the fields, including those of carbon dioxide, methane, and nitrous oxide, have considerable effects on the results. For instance, since the volume of methane released accounts for 68% of the total greenhouse gases released during the life cycle (Hayashi et al. 2010) , the assessment of direct GHG emissions is important in LCA of organic rice production systems (Blengini & Busto 2009 , Hokazono et al. 2009 , Hayashi et al. 2011 , Hokazono & Hayashi 2012 , Eduardo A. et al. 2015 . Moreover, direct GHG emissions are dependent on agricultural practices, such as the type of manure and fertilization method employed. For example, a correlation exits between the fertilizer application rate and nitrous oxide emissions (Kimura et al. 1991) . In addition, plowing the soil with rice straw increases the volume of methane released (Kimura et al. 1991) . In Akita Prefecture where the study site is located, it became apparent that increases in greenhouse gas emissions and water deterioration were the result of applying livestock-derived organic resources (Harada et al. 2011 , Hayashi et al. 2010 , NARO 2010 . Furthermore, it is known that methane emissions can be reduced by performing Naka-boshi -a method that involves the temporary draining of water from a rice field (Kimura et al. 1991) -and that lengthening the period of Naka-boshi can reduce the volume of emissions even more (NIAES 2012) .
These characteristics imply that assessment by paying attention to site-specific conditions is crucial for LCA in agriculture; moreover, assessment combined with field measurement is a promising approach toward differentiating the environmental impacts of alternative cultivation techniques. Therefore, we calculated the life cycle GHG emissions from rice production systems in Akita Prefecture on the basis of field monitoring at the study site. The alternative cultivation techniques analyzed in this study were sparse planting cultivation and non-puddling cultivation. We conducted comparative LCA between the rice production systems by comparing the alternative techniques with those systems using conventional planting and puddling. Special attention was paid to GHG emissions per area, in addition to GHG emissions per crop yield. We scrutinized the influence of the alternative cultivation practices selected in order to estimate the improvement potential of alternative rice production systems.
Methodology and analysis

Study area
Ogata village in Akita lies at 140 degrees longitude east and 40 degrees latitude north. The area was created by the reclamation of Hachirogata, located at the base of the Oga Peninsula where large-scale rice cultivation is carried out. Because rice cultivation is a large-scale farming industry, labor-saving cultivation methods have been emphasized.
This soil corresponds to gray lowland soil (Gleyic Fluvisol) according to the WRB (1998). Originally, sludge covered the bottom of a lake, which has since been turned into arable land through reclamation. A predominantly strong clay with poor drainage, this soil hardened by shrinkage when it dries.
Cultivation techniques
In this study, we evaluated three different cultivation techniques: conventional cultivation, sparse planting cultivation, and non-puddling cultivation (sparse planting without puddling). Figure 2 shows the cultivation calendar for each technology.
(1) Sparse planting cultivation Sparse planting cultivation is a generic term used to describe planting at reduced density as compared to that of conventional cultivation methods.
The density of sparse planting does not have a set definition. For instance, this study chronicled a 30% reduction in planting density, from 21 stalks/m 2 planted to 15 stalks/m 2 . Given the reduced number of seedlings compared to conventional planting, functions such as labor, nursery processes, and seedling transportation are * Harrowing is usually carried out twice, but this time it was performed three times due to rain after one of those times. reduced. Material costs, such as for the bed soil, agricultural chemicals, and seedling boxes, are also reduced.
(2) Non-puddling cultivation (sparse planting without puddling) Non-puddling cultivation entails the use of a drive-harrow two times after plowing, which means that rotary tilling is done without the puddling. This method has a high water quality conservation effect because there is no discharge of turbid water after puddling. Currently, non-puddling cultivation has been introduced to an area of about 300 ha in Ogata.
LCA was applied to the rice production systems in Ogata; specifically, the system using puddling cultivation was compared with the system using non-puddling cultivation. The study found that methane emissions from puddling cultivation and non-puddling cultivation were approximately equal. As a result, both emissions also have an equal impact on global warming. The reason for the shared results is that the flooding period before transplantation for both techniques was the same length (Harada et al. 2007 ). For non-puddling cultivation, however, one report indicates that soil deoxidization can be reduced during the rice planting period (Nakayama & Sato 2001) . Moreover, as it is possible to delay irrigation until immediately before transplantation, methane emissions could possibly be reduced by shortening the flooding period.
Test plots
Cultivation tests were conducted from 2011 through 2013 in rice fields of the Akita Prefecture agricultural experiment station (Ogata-mura, Akita). The test plot used a combination of both cultivation technologies, using three fields (a ~ c) located in three different places, each using measurement points (as per a growth survey and GHG survey). Each test plot is 0.1 ha in size. Akita Pref. (2009) Naka-boshi. After Naka-boshi, intermittent irrigation was practiced.
The manure was based on a special cultivation farm products certification standard of Akita (less than the quantity of applying 40 kgN/ha on the farm), with the same application on each farm.
Fertilizer included sigmoid (a type that dissolves after a certain period of time, but not for some time after application) coated urea 100 type 40 kgN/ha (with the total amount of fertilization applied to one nursery box), and chicken manure pellets (analysis level T-C 30.7%, T-N 3.2%, CN ratio 9.7) 20 kgN/ha (with all-layer fertilization), for 60 kgN/ha in total.
The amount of additional fertilizer applied was adjusted depending on seedling growth. The amount of ammonia sulfate added at the nursery for a conventional planting plot was 1.5 gN/box (0.375 kgN/ha), and that for a sparse planting plot was 1.0 gN/box (0.180 kgN/ha).
In these test plots, we measured methane emissions and the yield. Measurements were conducted using bottomless square chambers made of colorless acrylic; each chamber measured 30 cm (D) × 60 cm (W) × 60 cm (H) in size. The lid was removable. From the height of rice beyond 60 cm, measurements were conducted in two stacked chambers measuring 30 cm (D) × 60 cm (W) × 120 cm (H) in size. A chamber was placed on each of the gas samplings. In order to not disturb the paddy during installation, embedded pedestals were positioned at the four corners of the chamber rides immediately after transplantation.
Gas sampling was carried out in a state where a plant is inside the chamber. There were four stalks in the chamber in conventional planting plots, and three in the sparse planting plots.
Fieldwork method
The items being surveyed included methane gas emissions, nitrous oxide gas emissions, rice growth and yield, and grain quality.
Methane gas was measured over the course of three years from 2011 to 2013, with nitrous oxide only being measured in 2013. Gas was gathered using the closed chamber method. The period for collecting the data lasted about three months from transplanting until full drainage. Sampling was done at approximately one-week intervals, between 9:00 a.m. and 12:00 p.m. Surveying was carried out on the same day for all test groups. Samples were collected a total of 12 times in 2011, 11 times in 2012, and 17 times in 2013. The sampling frequency in 2013 is larger as samplings had been added three times prior to transplantation and once after complete drainage. Methane was not found at any of these four times.
Emissions were calculated as follows: First, the value measured after 20 minutes is corrected to a value per 24 hours, and was regarded as the emissions per day. It was assumed to be a representative value of the period for about one week before and after the day of collection.
Methane and nitrous oxide gas concentrations were analyzed using a gas chromatograph.
5. Evaluation method of greenhouse gas emissions by LCA (1) System boundary, impact area, and functional unit Figure 3 shows this study's area of interest for LCA. For the purpose of investigating how much GHG emissions rice paddies contribute to our global atmosphere, we examined the production of rice, materials, fertilizers and pesticides, and the agricultural cultivation, harvest, drying and storage of rice. Buildings other than the nursery (e.g., warehouses, workshops), field maintenance, waterway maintenance, and the distribution and disposal of products were excluded from LCA. We also did not consider the absorption of carbon dioxide by the rice.
The functional unit of area was 1,000 m 2 (= 0.1 ha). The reasons for using a functional unit of area and not a yield are as follows: 1) the purpose of cultivation technology was not to increase yield and instead is an item to be evaluated (basin area per planted area) using other areas such as labor-saving costs, price reductions, and improvements in water quality; 2) another purpose was to evaluate GHG emissions from a rice field in line with cultivation technologies and methods; and 3) the distribution of crops post-harvest (considered the final stage of the life cycle) is not included.
(2) Using data Data was analyzed using SimaPro8, the Dutch LCA modeling software produced by PRé Consultants Inc. Table 1 lists the main inventory data used in the analysis. Inventory data can be used as the measured field values, using the values in literature if the actual ones are not obtained.
The yield and volume of emissions used the values measured in the test plots. Machinery, fertilizer and pesticide data were obtained from interviews with farmers. Other items referred to a large system (on an assumed scale of 15 ha) of management index data for the rice paddies (Akita Prefecture 2009).
We sorted the life cycle of cultivation technology into seven processes (i.e., discharge from the surface of the field, fuel, machine production, artificial manure production, organic fertilizer production, pesticide production, materials) and evaluated the GHG emissions per area.
Emissions from a paddy are used as the value of GHG emissions generated from that paddy. As nitrous oxide rarely occurs, we only used methane emissions measured in the test plots.
We included light oil, gasoline, mixture oil, kerosene, and electricity in the fuel combustion process. The value obtained by summing up the fuel used in machine work was used such for the rice-transplanting machine, the combine, transportation via truck, and post-harvest drying. Electricity used for thermal insulation of the rice seed germination beds was also included.
Emissions from the manufacturing processes carried out by machinery and facilities (e.g., greenhouses) were measured using the total emissions divided by the actual useful life, and then used in the value per year. The number of years of machine use (depreciation) was required for an evaluation (in years) as close as possible to the machine's actual useful life, and was uniformly calculated at double the standard service life. A burden rate by the area to the machine was also set and made common between the items. The machine weight referred to agricultural machines according to a 2012/2013 facilities manual (Japan Agricultural Mechanization Association 2012). Repairs and the purchase of machine parts were not included in this analysis.
The production process of fertilizer was divided into chemical fertilizers and organic manure, which were calculated using component amounts of nitrogen, phosphorus, and potassium per unit area.
Pesticides were classified into five categories (i.e., insecticide, fungicide, insecticide/fungicide, herbicide, other) and measured by calculating the amount of active ingredients per unit area.
In the material manufacturing process, rice seed materials to be used during seedling development, such as nursery soil, seedling boxes, greenhouses, and bags used for the harvest, were included in the inventory. Seed data was calculated using the weight of seeds that were sown per unit area. Materials were obtained by integrating the amount of a specific material per area by type (e.g., thermoplastic resin, stone or clay product). For the greenhouse, the weight of the steel pipe from the structure was determined by calculating the weight per area divided by the actual useful life and acreage. Different GHGs have different types of impact on the atmosphere. The volume of emissions of each gas was multiplied by a coefficient to make it easy to compare gas emissions, and indicated the volume of carbon dioxide equivalent emissions. We used the IPCC method for GWP 100a in the evaluation. This multiplies methane by 21 and nitrous oxide by 310 in carbon dioxide equivalence, showing a 100-year impact with a numerical value using GWP (global warming potential), a formula established by the Intergovernmental Panel on Climate Change (IPCC). This same method of quantifying GHG emissions is also used under international treaties and agreements, including the Kyoto Protocol.
In sparse planting cultivation where the number of seedlings to be used is at a 30% decrease, the nursery area (greenhouse) is also reduced by 30%. As a result, the weight of the steel pipe included in the structural material of the greenhouse is reduced by 30%. Emissions according to the seedling box are then also reduced by 30%. Lastly, the seeding rate is reduced from 25 kg/ha to 17.5 kg/ha.
Sparse planting also reduces the number of times that seedlings are transported from the nursery to the rice paddies at planting time. Therefore, fuel consumption of the transportation truck is reduced by 30% (gasoline 20 L/ha → 14 L/ha). Energy consumption related to the nursery, such as electricity for heating or pesticide application to the nursery boxes, is also reduced by 30% (Table 1) .
Also in this study, machinery and agricultural chemicals were the same in both trial cultivation methods, with some differences found during puddling and harrowing.
Emission reductions were also found in soil work methods. For example, when puddling is reduced, overall fuel consumption is reduced; however, where puddling does not occur, harrowing (which requires additional fuel) is required. Harrowing reportedly reduces greenhouse gases by 40% as compared to puddling (Harada et al. 2007 ). Therefore, the fuel consumption used for harrowing was assumed to be 40% less than that used for puddling. As a result, the total amount of light oil consumption per year is 90 L/ha for the puddling plot and 81 L/ha for the non-puddling plot.
Results
Methane emissions from paddies (1) Comparison of conventional planting and sparse planting
The quantity of methane emissions from the surface of a sparse planting plot (test plot b) was compared with that of a conventional planting plot (test plot a) (Fig. 4) .
The value of the conventional planting plot in 2012 was excluded as soil disturbance affected the results.
The amount of emissions in 2011 exceeded that in 2013. In 2011, the paddies did not dry out due to insufficient drainage, coupled with frequent rainfall after drainage. In 2013, there were less methane emissions due to the paddy surfaces being dry after drainage.
Methane emissions were calculated using the means of 2011 and 2013, at 248 kg/ha in the conventional planting plot, and 239 kg/ha in the sparse planting plot. The volume of emissions from the sparse planting plot was 96% of the total from the conventional planting plot. There were large variations in the sampling. There were no significant differences subject to ANOVA. (2) Comparison of puddling and non-puddling in sparse planting The amount of methane gas generated from the surface of the sparse planting plot was compared to those from the puddling plot (test plot b) and non-puddling plot (test plot c) (Fig. 4) .
Emission amounts in 2011 were higher than those in other years due to insufficient drainage and frequent rainfall after drainage, resulting in the paddies not drying out. In 2012 and 2013, there were less methane emissions as a result of the surface being dry after drainage. Test sections showed different trends every year. In 2012, there was not much difference between the two types of planting. In 2011 and 2013, however, there was a large difference in methane production, with the non-puddling plot producing only about half of that from the puddling plot. The reasons for the small difference in 2012 were an earlier plowing date than in the other two years so as to accommodate weather conditions, and a high plant growth rate in the non-puddling section.
The average value over the three years for the puddling plot is 227 kg/ha and that for the non-puddling plot is 146 kg/ha. The amount of methane emissions over the three years in the non-puddling plot was 64% less than that of the puddling plot. According to variance analysis of the results, there was a significant difference between the puddling plot and non-puddling plot.
Nitrous oxide emissions from paddies
It was confirmed that nitrous oxide gas rarely occurs in the paddy fields on reclaimed land in Hachirogata (Harada et al. 2007) .
Nitrous oxide was measured 12 times from April to October 2015. Total emissions during this period were 0.7 gCH4 /m 2 from the conventional plot, -0.5 gCH4 /m² from the sparse planting plot, and -0.7 gCH4 /m² from the non-puddling plot. There was no significant difference due to puddling or planting density. There was no significant gas evolution reaction observed before irrigation and after drainage.
Global warming effect of rice
(1) Greenhouse gas emissions of paddy fields with different planting density Figure 5 shows the GHG emissions for both the conventional planting plot (test plot a) and the sparse planting plot (test plot b). The average value over the three years from 2011 to 2013 is used.
The discharge process of emissions from the paddies accounted for most ratios in both plots and accounted for 87% of the total discharge. Emissions from other processes are in descending order as follows: chemical fertilizer production, machinery manufacturing processes, and material manufacturing processes. Each of these processes contributed around 3% of the total emissions. These results suggest that the most efficient way to reduce greenhouse gas emissions from rice cultivation is to mitigate methane production from the actual paddies.
We compared the conventional planting plot and the sparse planting plot by process. Where foreground processes are concerned, methane production was nearly identical with sparse planting, producing 96% of the GHGs produced by conventional planting. Similarly, regarding material manufacturing processes, sparse planting yields 94% of the GHGs produced in conventional planting. It is the impact of fewer seedling boxes that reduces the overall GHGs. Little difference in emissions was noted regarding background processes (fuel, machinery, chemical fertilizers, and organic fertilizer production).
After looking at all the factors in our test plots, GHG emissions produced in sparse planting totals 97% of those in conventional planting. In other words, sparse planting only mitigates GHG emissions by 3%.
(2) Greenhouse gas emissions from each process according to the presence or absence of puddling Figure 6 shows the GHG emissions for the sparse planting puddling plot (test plot b) and the sparse planting non-puddling plot (test plot c). The average value over the three years from 2011 to 2013 is used.
The puddling plot and non-puddling plot for each discharge process were compared. Where foreground processes are concerned, actual emissions from the paddies are responsible for the most significant difference between the plots. The volume of emissions from the non-puddling plot account for only 64% of those discharged from the puddling plot.
Regarding background processes of the machinery manufacturing and fuel processes, the non-puddling plot produced 97% of emissions produced by the puddling plot. There was a difference in machinery, such as a harrow for non-puddling, which is used to break up and aerate the soil. The differences between emissions for the other processes (chemical fertilizer, organic fertilizer, and pesticide production) were negligible. The total GHG emissions for the non-puddling plot were 69% of those for the puddling plot. Non-puddling can therefore mitigate GHG emissions by 31% in rice cultivation.
Yield
It has been pointed out that when irrigation is implemented after harrowing, just prior to transplantation, the yield and quality of rice can be adversely affected due to transplant inaccuracy and the lack of seedling growth in non-puddling cultivation (Kumano et al. 1985) .
The yield was measured in each test group. The yields in the present study show that the conventional planting area yielded 590 g/m 2 , sparse planting with puddling yielded 561 g/m 2 , and sparse planting with non-puddling yielded 584 g/m 2 . The quality of rice from harvests using the new techniques also matched the quality obtained by conventional practices (NARO 2012) .
Variance analysis of the results showed no significant difference in yield or quality due to the presence or absence of puddling, or difference in planting density.
Discussion
This study evaluated the impact of new and conventional rice cultivation techniques on global warming by measuring GHGs per unit area. Cultivation techniques that were evaluated include conventional practice, sparse planting cultivation, and non-puddling cultivation.
The experiments showed no significant differences in methane gas emissions between the sparse planting plot and conventional plot. While the number of seedlings was reduced, thereby reducing emissions during some processes such as nursery operations, overall emission reductions were small. Using LCA, we were able to calculate that GHGs were mitigated by merely 3%.
Methane gas emissions from the non-puddling plot, however, were only 64% of those from the puddling (or conventional planting) plot; in other words, GHG emissions were mitigated by 31%. Table 3 lists the current GHG emission test results with the values reported in previous studies. Methane emissions at 5,520 kg CO2eq/ha for the puddling plot are larger than those in the corresponding technique at 4,120 kg CO2eq/ha as reported by Harada et al., both of which were measured in the same Ogata plot. Meanwhile, emissions from the non-puddling plot were valued at 3,290 kg CO2eq/ha, and thus significantly smaller than the corresponding value of 4,190 kg CO2eq/ha (reported by Hayashi et al. 2010) .
In the experiment conducted by Harada et al., irrigation for both the puddling plot and non-puddling plot began at the same time prior to transplantation. Conversely in our study, irrigation began just before transplantation to delay irrigation of the non-puddling plot.
In another test that measures the oxidation-reduction potential (Eh) of paddy fields in the Ogata plot, the drop rate of Eh was slow in the non-puddling test area, which is a result of delayed irrigation. The minimum value, therefore, remained higher than for the puddling area (Ito et al. 2013) . Even in this test, since irrigation occurred in the same order, just before transplantation, the drop in Eh for the nonpuddling plot is behind that for the puddling plot, and the resulting high numerical value continues, therefore methane emissions were believed to actually decrease.
Nitrous oxide was measured in 2015. The total emissions during this period were less than those in previous years. There was no significant difference due to the presence or absence of puddling, or the difference in planting density. No significant gas evolution reaction was observed before irrigation and after drainage.
Methane emissions are known to be reduced when removing rice straw from a paddy field (Yagi & Minami 1990) . Table 3 lists only those experiments where rice straw had not been removed. The effect due to the presence or absence of a plow inclusive of rice straw was excluded.
Originally, a large proportion of the methane gas contribution originated from the paddy fields. The ratio of methane emissions in our present study (comparing our conventional plot with our sparse planting plot and non-puddling plot) is calculated to range from 81% to 87% between the sites' total GHG emissions, thereby showing a relatively large value difference compared with the value reports of other studies.
This leads to our conjecture that the quantity of GHG reductions could be greatly reduced by introducing these cultivation techniques to large operations. For example, sparse planting cultivation can be introduced into almost all rice fields. If sparse planting cultivation were introduced to 50% of the nation's paddy fields, it would reduce emissions by 369,655 t-CO2eq/year. Non-puddling cultivation can only be introduced to paddy fields made of heavy clay, such as on reclaimed land. The possible area for introducing non-puddling nationwide is currently unknown. However, introducing sparse planting cultivation and non-puddling cultivation to 50% of the paddy fields in Ogata would make it possible to reduce emissions by 11,565 t-CO2eq/year in that village alone.
Conclusion
In this study, we used LCA to assess new techniques that could be introduced into rice cultivation. Our findings are as follows: ① In sparse planting cultivation, GHG emissions are reduced by 3%. If irrigation is carried out prior to transplantation, non-puddling cultivation can mitigate GHG emissions by 31%. Emission reductions from non-puddling cultivation are high. We can thus conclude that the largest proportion of such reductions result from mitigation processes that occur in the paddies. However, that conclusion does not mean we should avoid reductions through other means. ② If sparse planting cultivation were introduced to 50% of the rice paddy fields in Japan, greenhouse gas emissions could be reduced by an estimated 370,000 t-CO2eq/year. By introducing sparse planting and non-puddling (irrigation just before transplantation) to 50% of the paddy fields in Ogata alone, emissions could be reduced by 10,000 t-CO2eq/year.
Scientists have warned us of the inevitable future of global warming. In an effort to reduce GHG emissions and the resulting global warming, we must implement agricultural techniques that mitigate GHG emissions and which also perform well at higher temperatures. This study aims to evaluate cultivation techniques and also show the need for the further development of other cultivation techniques. For the development of new technology, efforts to evaluate and accurately calculate GHG emissions will become increasingly necessary in the future. 
